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Quantum fluctuations of the electromagnetic
vacuum are responsible for physical effects such
as the Casimir force and the radiative decay of
atoms, and set fundamental limits on the sensi-
tivity of measurements. Entanglement between
photons can produce correlations that result in
a reduction of these fluctuations below the vac-
uum level allowing measurements that surpass
the standard quantum limit in sensitivity.1–5 Here
we demonstrate that the radiative decay rate of
an atom that is coupled to quadrature squeezed
electromagnetic vacuum can be reduced below its
natural linewidth. We observe a two-fold reduc-
tion of the transverse radiative decay rate of a
superconducting artificial atom coupled to con-
tinuum squeezed vacuum generated by a Joseph-
son parametric amplifier, allowing the transverse
coherence time T2 to exceed the vacuum decay
limit of 2T1. We demonstrate that the measured
radiative decay dynamics can be used to tomo-
graphically reconstruct the Wigner distribution
of the the itinerant squeezed state. Our results
are the first confirmation of Gardiner’s canoni-
cal prediction6 of quantum optics and open the
door to new studies of the quantum light–matter
interaction.
The quantization of the electromagnetic field implies
a minimum uncertainty relation for non-commuting ob-
servables such as photon number and phase, or the in-
phase (I) and quadrature phase (Q) amplitudes of a
mode of the electromagnetic field. The electromagnetic
vacuum is a minimum uncertainty state with quantum
fluctuations distributed equally between the two quadra-
tures. Parametric amplifiers operating in the optical7–9
and microwave10–14 domain have been used to produce
squeezed states of the electromagnetic field, wherein the
fluctuations in one quadrature are increased and fluctua-
tions in the canonically conjugate quadrature are reduced
below the vacuum level, allowing for an improvement in
measurement sensitivity.1–5 The focus of our research,
however, is to reveal the effects of squeezed vacuum on
the radiative properties of an atom. In the optical do-
main, only a few experiments have explored the squeezed
light–atom interaction, with studies in free space15,16 and
in a cavity-QED architecture.17 Our experiment takes
place in the microwave domain and uses a polariton
qubit—an effective two level atom formed via the strong
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FIG. 1: Experiment setup. a The phase space of a mode of
the electromagnetic field is described in terms of its in-phase
(I) and quadrature phase (Q) components. The Gaussian
variance of the vacuum state is shown as a dashed line, and
a squeezed state as the green region. b A lumped-element
Josephson parametric amplifier is used to generate squeezed
vacuum that is coupled to the input port of a 3D transmon
qubit via a circulator with coaxial cables. c The state of a
two level atom may be represented on the Bloch sphere with
angles θ and φ describing the latitude and longitude respec-
tively. d The resonant strong light-matter dipole interaction
of the transmon circuit with the 3D cavity results in two po-
lariton states |+〉 and |−〉. The bandwidth of the squeezing
is centered about the |g〉 → |−〉 transition frequency and is
large compared to the natural linewidth of the transition.
light-matter dipole interaction between a superconduct-
ing circuit and a microwave frequency cavity. We use
a Josephson parametric amplifier to produce broadband
squeezed vacuum in the modes of a transmission line that
are resonant with the atomic transition. The architecture
of a one-dimensional radiative environment6,17–19 and the
strong coupling available in circuit-QED20 enable us to
engineer the radiative decay to be solely into the modes
of the transmission line that are occupied by squeezed
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2vacuum. Thus we are able to systematically explore the
dynamics of the atom under the modified radiative reser-
voir.
The itinerant electromagnetic field generated by a de-
generate parametric amplifier may be approximately de-
scribed in terms of the squeezing moments, M and N ,
that are related to the frequency correlations of the out-
put field. In the limit of large amplifier bandwidth
〈a†(ω)a(ω′)〉 = Nδ(ω − ω′) and 〈a(ω)a(ω′)〉 = Mδ(ω +
ω′ − 2ω0), where a, a† are the creation and annihilation
operators of the output field of the amplifier, and ω0 is
the center frequency of the amplifier. Squeezed states oc-
cur when M > N , with M bounded by M2 ≤ N(N + 1).
The radiative decay dynamics of an atom that couples
to a broadband squeezed reservoir centered about the
atomic transition frequency are governed by the optical
Gardiner-Bloch equations,6
〈σ˙x〉 = −γ(N −M + 1/2)〈σx〉,
〈σ˙y〉 = −γ(N +M + 1/2)〈σy〉, (1)
〈σ˙z〉 = −γ(2N + 1)〈σz〉+ γ.
Here, σx, σy, and, σz are the pseudospin operators for
a two-level atom. As shown in Figure 1, the Q quadra-
ture of the electromagnetic vacuum is squeezed, and a
coherent drive along this axis induces rotations of the
atom about the y axis of the Bloch sphere. By setting
M,N = 0 in Eq. 1 we recover the case of radiative de-
cay into electromagnetic vacuum, where the transverse
coherence decays half as fast as the longitudinal coher-
ence (T2 = 2T1 = 2/γ). In contrast, the radiative de-
cay into squeezed vacuum is characterized by timescales,
T˜x = T1/(N −M + 1/2), T˜y = T1/(N + M + 1/2), and
Tz = T1/(2N + 1). Specifically, in the limit of large
squeezing it is predicted that the transverse decay time
T˜x is increased beyond the value of 2T1 owing to the re-
duced fluctuations in the Q quadrature of the vacuum.
A simplified schematic of our experiment is shown in
Figure 1b. We realized an effective two level system
using the ground state and lower energy level of a po-
lariton formed by a superconducting transmon21 circuit
resonantly coupled to the TE101 mode of a 3D supercon-
ducting cavity.22 The transition frequency of the effec-
tive qubit was ωq/2pi = 5.8989 GHz with T1 = 0.65(2)
µs set by deliberate coupling to the 50 Ω environment.
In the supplementary information we show in detail that
the radiative interaction of the polariton with squeezed
vacuum is that of an idealized atom interacting directly
with a squeezed reservoir. Squeezed vacuum was gener-
ated by pumping a lumped-element Josephson Paramet-
ric amplifier (LJPA) with two tones at frequencies ω1
and ω2 that were evenly spaced about the qubit transi-
tion frequency23, and satisfied ω0 = (ω1 + ω2)/2 = ωq.
The bandwidth of the squeezing was 13 MHz, sufficient
to fulfill the large bandwidth assumption based on the
radiative linewidth of the qubit γ/2pi = 240 kHz. The
output of the amplifier was connected with coaxial ca-
bles to the strongly coupled port of the superconducting
cavity.
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FIG. 2: Transverse decay into squeezed vacuum. a The
Ramsey measurement as a function of angle consisted of a
first pi/2 rotation about the −xˆ cosφ+ yˆ sinφ axis, to prepare
the in the state |pi/2, φ〉, followed by a second pi/2 rotation
about the −xˆ sinωmodt− yˆ cosωmodt axis applied at variable
time t. The 2D plot displays 〈σz〉 as a function of t and
φ which is characterized by sinusoidal decay with a uniform
decay constant T ∗2 and phase φ. b The transverse decay into
squeezed vacuum was measured by turning the pump for the
LJPA on interim the qubit pulses. The 2D plot indicates that
after rapid decay of coherence along the ±yˆ axes, the resulting
coherence along the ±xˆ axes decays with time constant Tx >
T ∗2 . c The Ramsey measurement for the qubit prepared along
the −yˆ (φ = pi) axis with the squeezing off. d,e The Ramsey
measurement in the presence of squeezed vacuum for the qubit
prepared along the −yˆ (φ = pi), and +xˆ (φ = pi/2) axes.
To demonstrate the effect of squeezed vacuum on the
transverse decay of the qubit we conducted Ramsey mea-
surements at different angles along the equator of the
Bloch sphere. The Ramsey measurements consisted of an
initial pi/2 rotation about the −xˆ cosφ+ yˆ sinφ axis, fol-
lowed by a second pi/2 rotation about the −xˆ sinωmodt−
yˆ cosωmodt axis applied at variable time t. Modulation of
the rotation angle of the second pi/2 pulse at frequency
ωmod results in oscillatory Ramsey fringes without de-
tuning. Figure 2a displays 〈σz〉 as a function of time
and angle with the squeezing turned off; 〈σz〉 exhibits
exponentially damped, sinusoidal oscillations at angular
frequency ωmod and phase φ, with a uniform decay time
T ∗2 = 1.08(4) µs. The reduction of the T
∗
2 time from
2T1 indicates the presence of a small amount of pure de-
phasing characterized by a time scale Tφ = 6.6(5) µs.
Figure 2b displays the results of the Ramsey measure-
ment when the LJPA pump was turned on to generate
squeezed vacuum for the variable duration between the
first and second pi/2 pulses. The power gain of the am-
3plifier was 4 dB. The transverse decay in the presence of
squeezed vacuum reveals two timescales, Tx = 1.67 µs,
and Ty = 0.28 µs, that describe the exponential decay of
coherence when the qubit was prepared along the ±xˆ and
±yˆ axes respectively. Subtracting the pure dephasing
from the measured timescales gives the radiative trans-
verse decay times, T˜x = 2.2 µs, and T˜y = 0.29 µs. The
interaction with squeezed vacuum both enhances decay
along the yˆ axis due to the increased fluctuations in the
I quadrature of the field, and suppresses decay along the
xˆ axis due to the reduced fluctuations in Q.
The radiative decay dynamics in the presence of
squeezed vacuum can be presented as a trajectory of the
Bloch vector. To illustrate this point, we prepared the
qubit in an initial state |i〉 with a 0.67pi rotation about
the -xˆ sinφ + yˆ cosφ axis with φ = 0.32pi. After this
preparation, the pump of the LJPA was turned on for
a variable period of time to generate squeezed vacuum.
After this variable duration, we tomographically recon-
structed the qubit state using pi/2 rotations around the
xˆ and yˆ axes followed by state readout in the σz basis to
determine the Bloch vector components 〈σy〉 and 〈σx〉,
or no rotation to determine 〈σz〉. The trajectory of the
Bloch vector, displayed in Figure 3, follows the expected
decay dynamics based on (1) with fast decay along the
yˆ and zˆ axes and by slow relaxation along xˆ. The final
state of the qubit is described by 〈σx〉 → 0, 〈σy〉 → 0.07,
〈σz〉 → 0.36. The steady state value of 〈σz〉 is consistent
with a bath of N = 0.88 photons that characterize aver-
age photon occupation of the squeezed state. The rem-
nant coherence along the yˆ axis is the result of a small
coherent component of the squeezed state. This coherent
drive, characterized by a Rabi frequency ΩR  1/T1, in
combination with the radiative decay of the qubit results
in a steady state coherence,24 〈σy〉ss ∝ ΩRT1. Based on
our measurements, ΩR ' 2pi × 10 kHz, consistent with a
65 dB on/off ratio of our qubit manipulation pulses.
Because the qubit’s decay dynamics are sensitive to
altered vacuum fluctuations, they can be used to probe
squeezed states of light. Previously, noise and cor-
relation measurements have been used to characterize
the squeezed states generated by microwave parametric
amplifiers.14,25–27 Similarly, qubits have been used to to-
mographically reconstruct localized nonclassical states of
light.28,29 Here we use the qubit’s decay dynamics to to-
mographically reconstruct, to second order, the Wigner
distribution for the itinerant squeezed state generated by
the LJPA. From Tz, the measured decay constant of 〈σz〉
and T˜x we determine N = 0.88 and M = 1.08, from
which the Gaussian variances σ2I = 2(N +M + 1/2) and
σ2Q = 2(N −M + 1/2) are calculated. Figure 3e displays
the reconstructed Wigner distribution for the squeezed
mode at frequency ω0.
In Figure 4a, we display the effective decay constants
for different values of the detuning δ = ω0 − ωq between
the center frequency of the pump and the qubit. Tx and
Ty depend strongly on the detuning near resonance high-
lighting the “smoking gun” evidence of interaction with
squeezed vacuum where Tx > 2T1. When the detuning is
large, the squeezing axis rotates rapidly with respect to
the qubit axis and the decay times approach a constant
value of 2T1/(2N + 1). The solid black and red lines
indicate the expected dependence of Tx and Ty on δ as
discussed in the supplementary information.
In Figure 4b we display the decay constants measured
for different bias conditions of the LJPA obtained by
changing the power of the pump tones. The transverse
decay rates were measured as depicted in Figure 2. As ex-
pected, larger gain of the LJPA results in larger amounts
of squeezing with an associated increase of Tx and de-
crease of Ty and Tz. Figure 4c displays M − N versus
N . The reduction of M from its maximum allowed value,
shown as a dashed line, may be attributed to two possi-
ble sources; losses in the microwave components between
the LJPA and the qubit, and non-ideal performance of
the LJPA. If we assume that the LJPA produces an ideal
squeezed state, with M =
√
N(N + 1), then the degra-
dation can be accounted for by an attenuation of the
squeezed vacuum from the LJPA by a factor of η = 0.5.
Attenuation degrades the squeezed vacuum by absorbing
correlated photons thereby making the quadrature fluc-
tuations tend toward the normal vacuum fluctuations.
This level of attenuation is consistent with the antic-
ipated insertion loss between the LJPA and the qubit
due to the microwave components we used. At values of
N > 1, however, it appears that the performance of the
LJPA may become non-ideal as indicated by the slight
reduction of M −N for N > 1.
Our results demonstrate the ability to alter the vac-
uum environment of a two level atom to a degree that
has so far been elusive in atomic and molecular systems,
allowing the direct study of a long sought physical phe-
nomenon of the light-matter interaction. Our system
also demonstrates the strength of using superconduct-
ing artificial atoms as sensitive detectors of the quantum
states of the electromagnetic field. Future studies with
squeezed light and superconducting qubits may enhance
the fidelity of quantum gates, enable the generation of
multi-qubit entanglement30 and enable the study of non-
Markovian quantum baths.
Methods Summary
Due to the finite temperature of the 50 Ω environment and
other sources of noise, a small average number of photons,
Nth, are expected to contaminate the vacuum environment
of the qubit. This bath of thermal photons both reduces
the measured energy decay time T1 from its intrinsic value
by a factor of 1/(2Nth + 1), and increases the equilibrium
excited state population. We determined the equilibrium ex-
cited state population to be 1.8% using a Rabi population
measurement31, allowing us to place a pessimistic limit on
the number of thermal photons that characterize our vacuum
environment of Nth ≤ 0.019 and thus the intrinsic radiative
decay time T1 ≤ 0.67 µs. While a small effect, these thermal
photons were included in our determination of N and M .
The polariton qubit was composed of a transmon circuit
with charging energy EC/h = 208 MHz and Josephson en-
ergy EJ/h = 23.27 GHz coupled to a 3D aluminum cav-
ity with resonance frequency ωc/2pi = 6.0456 GHz at rate
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FIG. 3: Radiative decay dynamics in squeezed vacuum. a-d Quantum state tomography shows the evolution of the Bloch vector
which was initialized at |i〉 = |0.67pi, 0.83pi〉 with tomographic measurements equally spaced between 0 and 3 µs. The dynamics
are characterized by fast decay along yˆ and zˆ with slow decay along xˆ. e From the radiative decay rates we tomographically
reconstruct the Wigner quasiprobability distribution of the itinerant squeezed vacuum mode at ω0. The inset shows the
Gaussian half width of the squeezed and vacuum states as solid and dashed lines respectively.
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g/2pi = 126 MHz. The cavity was equipped with two ports;
one strongly coupled port that limited the quality factor to
Q = 1.1 × 104 and another weakly coupled port. The qubit
was enclosed in successive layers of superconducting and mag-
netic shields and anchored to the mixing chamber stage of a
dilution refrigerator with a base temperature of 20 mK. State
readout was performed using the Jaynes-Cummings nonlin-
earity technique32 by driving the weakly coupled port of the
cavity with a strong tone at 6.0467 GHz and integrating the
first 200 ns of transmitted signal.
The LJPA was composed of a two junction SQUID formed
of 1 µA Josephson junctions shunted with 1 pF of capaci-
tance and isolated from the input ports of a 180◦ hybrid with
interdigitated capacitors that resulted in a quality factor of
QLJPA = 100. The LJPA was flux biased to have a low power
resonance at 5.897 GHz. The differential port of the hybrid
was connected to the strongly coupled port of the qubit with
coaxial lines via two circulators and a -20 dB coupler that
5allowed the injection of the qubit manipulation pulses.
A single microwave source was used to generate the qubit
preparation, tomography, and LJPA pump pulses. The LJPA
pump was obtained by driving an IQ mixer with a tone at
540 MHz, and adjusting the dc offsets to null the carrier.
Acknowledgments
We thank C. Macklin, N. Roch, and Lev S. Bishop for useful
discussions. This research was supported in part (K.M, S.W.,
and I.S.) by the Office of Naval Research (ONR) and the Office
of the Director of National Intelligence (ODNI), Intelligence
Advanced Research Projects Activity (IARPA), through the
Army Research Office. All statements of fact, opinion or con-
clusions contained herein are those of the authors and should
not be construed as representing the official views or poli-
cies of IARPA, the ODNI, or the US Government. E.G. ac-
knowledges support from EPSRC (EP/I026231/1). K.B. ac-
knowledges support from NSF GRFP (0645960) and IGERT
(0801525).
1 Treps, N. et al. Surpassing the standard quantum limit for
optical imaging using nonclassical multimode light. Phys.
Rev. Lett. 88, 203601 (2002).
2 Grangier, P., Slusher, R. E., Yurke, B. & LaPorta, A.
Squeezed-light enhanced polarization interferometer. Phys.
Rev. Lett. 59, 2153–2156 (1987).
3 Xiao, M., Wu, L.-A. & Kimble, H. J. Precision measure-
ment beyond the shot-noise limit. Phys. Rev. Lett. 59,
278–281 (1987).
4 Goda, K. et al. A quantum-enhanced prototype
gravitational-wave detector. Nature Physics 4.
5 Polzik, E. S., Carri, J. & Kimble, H. J. Spectroscopy with
squeezed light. Phys. Rev. Lett. 68, 3020–3023 (1992).
6 Gardiner, C. W. Inhibition of atomic phase decays by
squeezed light: A direct effect of squeezing. Phys. Rev.
Lett. 56, 1917–1920 (1986).
7 Slusher, R. E., Hollberg, L. W., Yurke, B., Mertz, J. C. &
Valley, J. F. Observation of squeezed states generated by
four-wave mixing in an optical cavity. Phys. Rev. Lett. 55,
2409–2412 (1985).
8 Ourjoumtsev, A. et al. Observation of squeezed light from
one atom excited with two photons. Nature 474, 623–626
(2011).
9 Brooks, D. et al. Non-classical light generated by quantum-
noise-driven cavity optomechanics. Nature 488, 476–480
(2012).
10 Castellanos-Beltran, M. A., Irwin, K. D., Hilton, G. C.,
Vale, L. R. & Lehnert, K. W. Amplification and squeezing
of quantum noise with a tunable josephson metamaterial.
Nature Physics 4, 929–931 (2008).
11 Bergeal, N. et al. Phase preserving amplification near the
quantum limit with a josephson ring modulator. Nature
465, 64–68 (2010).
12 Roch, N. et al. Widely tunable, nondegenerate three-
wave mixing microwave device operating near the quantum
limit. Phys. Rev. Lett. 108, 147701 (2012).
13 Hatridge, M., Vijay, R., Slichter, D. H., Clarke, J. & Sid-
diqi, I. Dispersive magnetometry with a quantum lim-
ited squid parametric amplifier. Phys. Rev. B 83, 134501
(2011).
14 Eichler, C. et al. Observation of two-mode squeezing in
the microwave frequency domain. Phys. Rev. Lett. 107,
113601 (2011).
15 Georgiades, N. P., Polzik, E. S., Edamatsu, K., Kimble,
H. J. & Parkins, A. S. Nonclassical excitation for atoms in
a squeezed vacuum. Phys. Rev. Lett. 75, 3426–3429 (1995).
16 Dayan, B., Pe’er, A., Friesem, A. A. & Silberberg, Y. Two
photon absorption and coherent control with broadband
down-converted light. Phys. Rev. Lett. 93, 023005 (2004).
17 Turchette, Q. A., Georgiades, N. P., Hood, C. J., Kim-
ble, H. J. & Parkins, A. S. Squeezed excitation in cavity
qed: experiment and theory. Phys. Rev. A 58, 4056–4077
(1998).
18 Parkins, A. S., Zoller, P. & Carmichael, H. J. Spectral
linewidth narrowing in a strongly coupled atom-cavity sys-
tem via squeezed-light excitation of a “vacuum” rabi reso-
nance. Phys. Rev. A 48, 758–763 (1993).
19 Ginossar, E. & Levit, S. Semiconductor microstructure in
a squeezed vacuum: Electron-hole plasma luminescence.
Phys. Rev. B 72, 075333 (2005).
20 Girvin, R. J. S. . S. M. Wiring up quantum systems. Nature
451, 664–669 (2008).
21 Koch, J. et al. Charge-insensitive qubit design derived from
the cooper pair box. Phys. Rev. A 76, 042319 (2007).
22 Paik, H. et al. Observation of high coherence in joseph-
son junction qubits measured in a three-dimensional circuit
qed architecture. Phys. Rev. Lett. 107, 240501 (2011).
23 Kamal, A., Marblestone, A. & Devoret, M. Signal-to-pump
back action and self-oscillation in double-pump josephson
parametric amplifier. Phys. Rev. B 79, 184301 (2009).
24 Carmichael, H. J., Lane, A. S. & Walls, D. F. Resonance
fluorescence from an atom in a squeezed vacuum. Phys.
Rev. Lett. 58, 2539–2542 (1987).
25 Mallet, F. et al. Quantum state tomography of an itinerant
squeezed microwave field. Phys. Rev. Lett. 106, 220502
(2011).
26 Bergeal, N., Schackert, F., Frunzio, L. & Devoret, M. H.
Two-mode correlation of microwave quantum noise gener-
ated by parametric down-conversion. Phys. Rev. Lett. 108,
123902 (2012).
27 Flurin, E., Roch, N., Mallet, F., Devoret, M. H. & Huard,
B. Generating entangled microwave radiation over two
transmission lines. ArXiv:1204.0732 (2012).
28 Hofheinz, M. et al. Synthesizing arbitrary quantum states
in a superconducting resonator. Nature 459, 546–549
(2009).
29 Kirchmair, G. et al. Observation of quantum state col-
lapse and revival due to the single-photon kerr effect.
ArXiv:1211.2228 (2012).
30 Hald, J., Sørensen, J. L., Schori, C. & Polzik, E. S. Spin
squeezed atoms: A macroscopic entangled ensemble cre-
ated by light. Phys. Rev. Lett. 83, 1319–1322 (1999).
31 Geerlings, K. et al. Demonstrating a driven reset protocol
of a superconducting qubit. ArXiv:1211.0491 (2012).
32 Reed, M. D. et al. High-fidelity readout in circuit quantum
electrodynamics using the jaynes-cummings nonlinearity.
Phys. Rev. Lett. 105, 173601 (2010).
Correspondence and requests for materials should be ad-
dressed to katerm@berkeley.edu
Supplementary information for
"Suppression of radiative decay of atomic coherence in squeezed vacuum"
K. W. Murch, S. J. Weber, and I. Siddiqi
Quantum Nanoelectronics Laboratory, Department of Physics, University of California, Berkeley CA 94720
K. M. Beck
Department of Physics, MIT-Harvard Center for Ultracold Atoms,
and Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139
E. Ginossar
Advanced Technology Institute and Department of Physics,
University of Surrey, Guildford, GU2 7XH, United Kingdom
(Dated: September 5, 2018)
I. THE MASTER EQUATION FOR THE TRANSMON-CAVITY SYSTEM
In the main text, we state that the irreversible dynamics of the effective two-level system (TLS) defined by the
ground state and lower polariton of the transmon-cavity system are the same as for an atom interacting with a
broadband squeezed vacuum. In this section, we give the theoretical reasoning behind this statement. We derive the
effective master equation for the transmon-cavity system and compare it to previous predictions for an atomic system
interacting directly with the squeezed vacuum. This problem was treated before in the “bad cavity” limit where the
cavity decay was taken to be the fastest process in the system [1]. Here, this assumption does not hold and we follow
a different derivation.
The system is a transmon circuit strongly coupled to a superconducting cavity. The cavity is also coupled to the
line modes in which the squeezed reservoir is realized. The chosen system parameters allow for several theoretical sim-
plifications. The squeezing bandwidth (BW = 13 MHz) was 50 times the radiative qubit linewidth (γ/2pi = 240 kHz).
From the point of view of the qubit, the squeezing is well approximated as having infinite bandwidth. However, since
the polariton transitions are well separated with respect to the squeezing bandwidth, with 255 MHz between the
|g〉 → |−〉 and |g〉 → |+〉 transitions, the squeezed vacuum only addresses one pair of levels, an approximation that
we make in Section 2. The several-GHz qubit transition frequencies allow us to use the rotating wave approximation.
We additionally assume the Born approximation, which terminates perturbation theory at the second order, and the
Markov approximation, which assumes that the squeezed reservoir has no memory (its correlation time approaches
zero).
The Hamiltonian for this system is
H = HTC +
∑
k
ωkb
†
kbk +
∑
k
hk
(
b†k + bk
) (
a† + a
)
(1)
where HTC is the transmon-cavity Hamiltonian, ωk is the frequency corresponding to the kth traveling wave line
mode, b†k (bk) is the creation (annihilation) operator for the k
th line mode and a† (a) is the creation (annihilation)
operator for the cavity photon. hk are the real matrix elements of the transitions between the kth line mode and
the cavity mode. The transmon-cavity Hamiltonian HTC is a generalized Jaynes-Cummings Hamiltonian for the
transmon levels and the cavity mode [2].
To express the system evolution in terms of the line mode correlations, we first diagonalize the evolution to represent
it in a joint polariton and line mode basis [3]. We apply the transformation U that diagonalizes the closed system
part of the Hamiltonian HTC to H
H′ = H0 +
∑
k
hk
(
b†k + bk
)
U
(
a† + a
)
U† (2)
= H0 +
∑
k
hk
(
b†k + bk
) ∑
i,j>i
(
Aij |i〉 〈j|+A∗ij |j〉 〈i|
)
. (3)
Here, the free evolution is H0 =
∑
i 
TC
i |i〉 〈i| +
∑
k ωkb
†
kbk and we express the transformed cavity operators in
terms of ladder operators between the polariton levels |i〉 , |j〉 in the diagonalized system U (a+ a†)U† = a˜† + a˜ =
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2∑
i,j>i
(
Aij |i〉 〈j|+A∗ij |j〉 〈i|
)
. This expansion relies the hermiticity of a˜† + a˜ to allow the restriction j > i and since
a˜† + a˜ changes the parity of the state, Aii = 0 [3]. The energy of the ith polariton is denoted TCi .
Now, we move to the interaction picture with respect to H0 where we can apply perturbation theory. The coupling
term V = ∑i,j>i∑k hk (b†k + bk) (Aij |i〉 〈j|+A∗ij |j〉 〈i|) is written as
VIt = eiH0tVe−iH0t = B†tσt +Btσ†t . (4)
Here, we define a modified line mode photon annihilation operator Bt =
∑
k hke
−iωktbk and the polarition jump
operator σt =
∑
i,j>iAije
i∆ijt |i〉 〈j|. We have used the rotating wave approximation to remove the terms B†tσ†t and
Btσt. The energy difference between polarition levels is written as ∆ij = TCi − TCj .
In perturbation theory, the system evolution is ρ˙It = i
[VIt , ρIt ]. Applying this twice, we obtain
ρ˙It = i
[
VIt ,
ˆ t
0
dτ i
[VIτ , ρIτ ]] = ˆ t
0
dτ
(VIτ ρIτVIt − VIt VIτ ρIτ + h.c.) (5)
Taking the partial trace over the line modes, we get the evolution of ρIt,TC = TrB
[
ρIt
]
. To evaluate this, we expand
VI using Equation (4) and use the fact that the trace is cyclic. We further assume the Born approximation [5]
ρI = ρITC ⊗ ρIB to evaluate terms like TrB
[
B†τστρ
I
τB
†
tσt
]
= στρ
I
τ,TCσtTrB
[
B†τρ
I
τ,BB
†
t
]
= στρ
I
τ,TCσt
〈
B†tB
†
τ
〉
.
ρ˙It,TC =
ˆ t
0
dτ
{(
στρ
I
τ,TCσt − σtστρIτ,TC
) 〈
B†tB
†
τ
〉
+
(
σ†τρ
I
τ,TCσ
†
t − σ†tσ†τρIτ,TC
)
〈BtBτ 〉 (6)
+
(
σ†τρ
I
τ,TCσt − σtσ†τρIτ,TC
) 〈
B†tBτ
〉
+
(
στρ
I
τ,TCσ
†
t − σ†tστρIτ,TC
) 〈
BtB
†
τ
〉
+ h.c.
}
.
Consider one of these terms,
´ t
0
dτ σ†tστρ
I
τ,TC
〈
BtB
†
τ
〉
. Expanding the reservoir correlator
〈
BtB
†
τ
〉
:
〈
BtB
†
τ
〉
=
〈∑
k
hke−iωktbk
∑
k′
hk′eiωk′τ b
†
k′
〉
(7)
=
∑
k,k′
hkhk′e−i(ωkt−ωk′τ)TrB
[(
b†kbk′ + δkk′
)
ρIτ,B
]
(8)
=
∑
k
(Nk + 1) h2ke
−iωk(t−τ) (9)
where δkk′ is the Kronecker delta. Incorporating this into the full term
ˆ t
0
dτ σ†tστρ
I
τ,TC
〈
BtB
†
τ
〉
=
ˆ t
0
dτ
∑
i,j>i
A∗ije
−i∆ijt |j〉 〈i| (10)
×
∑
i′,j′>i′
Ai′j′e
i∆i′j′τ |i′〉 〈j′| ρIτ,TC
∑
k
(Nk + 1) h2ke
−iωk(t−τ)
=
ˆ t
0
dτ
∑
i,j>i
|Aij |2 |j〉 〈i| i〉 〈j| ρIτ,TC
∑
k
(Nk + 1) h2ke
−i(ωk+∆ij)(t−τ) (11)
where Nk = 〈b†kbk〉. We will neglect fast-oscillating terms which have little effect on the decay rates by effectively
taking j = j′. Other terms will give rise to the squeezing correlation function 〈bkbk′〉 = Mkδωk+ωk′ ,2ω0 [6]. The sum in
this term (11) is an expression that refers to the line modes. The temporal kernel in the integral (10) can be written
in frequency space as
K(t− τ) =
∑
k
(Nk + 1) h2ke
−i(ωk+∆ij)(t−τ) =
ˆ ∞
−∞
dωkD (ωk) (Nωk + 1) h
2
ωk
e−i(ωk+∆ij)(t−τ) (12)
where D (·) is the density of states at the given frequency. Since we are interested in the case of a broadband reservoirs
Nωk has a bandwidth large compared to the typical decay rates and therefore the functionK(t−τ) decays on a timescale
of the order of 1/BW . In the limit of infinite bandwidth it acts similarly to a Dirac delta function effectively restricting
3the integral to τ ≈ t. This behavior justifies applying the usual set of Born-Markov approximations [7], under which
the term (10) becomes ∑
i,j>i
γij |Aij |2 S+ijS−ijρIt,TC
(
N∆ij + 1
)
(13)
where S+ij = |j〉 〈i| and S−ij = |i〉 〈j| with j > i and where γij = 2piD (∆ij)h2(∆ij).
Computing the other terms similarly and transforming back from the interaction picture, we find
ρ˙t,TC = ρ˙t = −i [H0, ρt] (14)
+
∑
i,j>i
γij
{(
2S+ijρS
+
ij − S+ijS+ijρ− ρS+ijS+ij
)
A∗2ijM∆ije
−2i(ω0+∆ij)t
+
(
2S−ijρS
−
ij − S−ijS−ijρ− ρS−ijS−ij
)
A2ijM
∗
∆ije
2i(ω0+∆ij)t
+
(
2S−ijρS
+
ij − S+ijS−ijρ− ρS+ijS−ij
) |Aij |2 (N∆ij + 1)
+
(
2S+ijρS
−
ij − S−ijS+ijρ− ρS−ijS+ij
) |Aij |2N∆ij}
where ω0 is the center frequency of the squeezed reservoir. This equation is the multi-level generalization of the
two-level master equation derived by Gardiner, Eq. (10) of Ref. [4] [8].
II. DETUNING DEPENDENCE OF POLARITON COHERENCE DECAY
When we restrict the master equation (14) to only two levels, we obtain a mathematically equivalent master
equation to Ref. [4]. Physically, the two lowest levels i = 0, 1 refer to the ground state |g〉 and the dressed state
|−〉, respectively. In the experiment, the squeezed vacuum bandwidth is centered around the |g〉 → |−〉 transition
frequency. Since all other transitions are well outside this bandwidth, we can limit ourselves to the two-level dissipative
dynamics and directly apply Gardiner’s theory to the ground state and lower polariton of the circuit QED system
explored experimentally in the main text.
In the absence of a classical coherent drive, the decay of atomic polarizations obey on average
σ˙+ = −ΓNσ+ + ΓMe2iδtσ− (15)
σ˙− = −ΓNσ− + Γ∗Me−2iδtσ+ (16)
where σ± = 〈S±01〉, ΓN = γ(N + 1/2) + γφ, ΓM = γM , γ = |A01|2γ01, and δ = ω0 + ∆01 = ω0 + ωq. γφ is a
phenomenological pure dephasing that was measured independently.
The decay dynamics of the atomic coherences σx,y can be found by solving Equations (15) and (16) and then
transforming to a frame rotating with angular frequency δ, i.e. σ±(t) = e±iδtσ˜±(t). These dynamics will have two
decay timescales ΓN ±
√|ΓM |2 − δ2 = γ(N + 1/2) + γφ ±√γ2|M |2 − δ2 unless δ = 0 or |δ| > γ|M |. Detuning also
leads to an effective time-dependent rotation of the squeezing ellipse. This limits the influence of squeezing on decay
to the range |δ| ≤ γ|M | even in the ideal case of infinite bandwidth squeezing.
To interpolate between the limits of large detuning (|δ| > γ|M |) and δ = 0 where the decay is described by
a single exponential time constant, Figure 4a in the main text presents the effective decay constants that were
obtained by fitting the Ramsey measurements to a single exponential decay at each detuning. For comparison to
the theoretical prediction, the same fitting routine was applied to theoretical decay curves given by Equations (15)
and (16) by transforming into the frame rotating with angular frequency δ + ωmod, with ωmod/2pi = 5 MHz and
γφ = 2pi × 2.4× 10−4 s−1. The decay constants that result from this fit are plotted as the theoretical curve in Figure
4a. For a direct comparison to theory, we present experimental data and the predicted Ramsey measurement results
versus detuning in Figure S1.
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